The objective was to investigate the reliability and effects of age and noise on high-frequency hearing thresholds. A cross-sectional study was used involving 187 exposed and 52 non-industrial noise-exposed subjects selected randomly from noise-exposed and non-industrial noise-exposed subjects, respectively. Each subject was tested with both conventional-frequency (0.25-8 kHz) and high-frequency (10-18 kHz) audiometry. Test-retest results showed that high-frequency audiometry (HFA) was as reliable as the conventional procedure. Although the inter-subject variation was large, the intra-subject variation was small, indicating that HFA can be used more reliably than the conventional procedure to monitor individual cases over time. Both the hearing threshold at high frequencies and the upper frequency limit deteriorated as a function of age and frequency. The exposed subjects had significantly higher hearing thresholds than the non-exposed subjects at all the high frequencies tested, the difference between the two groups being greatest at 14 kHz. Multivariate analysis indicated that age was the primary predictor and noise exposure the secondary predictor of hearing thresholds in a high frequency range (10-18 kHz). In contrast, multivariate analysis indicated the reverse order-noise exposure as the primary predictor, then age-for a conventional frequency range (0.25-8 kHz). The results of this study suggest that HFA might be used as an early indicator for noise-induced hearing loss and acoustic trauma rather than audiometry at a conventional frequency (4 kHz), particularly for younger groups.
Introduction
Interest in high-frequency audiometry (HFA) is based on the assumption that some causes of the hearing loss may initially introduce damage at frequencies above 8 kHz, and hence HFA could be used as an early indicator for hearing loss. Although Fletcher [1] referenced the first interest in high-frequency hearing to Sir Francis Galton (1876-1883), who invented a whistle that was used to test it, routine clinical audiometry is still restricted to frequencies in the range from 125 to 8000 Hz. The reliability of HFA, in addition to the age effect, ototoxicity and noise effect on HFA, has received the most attention during recent decades.
Researchers [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] have reported that reliable and valid hearing thresholds at frequencies above 8 kHz can be obtained. Moreover, the decrement of the sensitivity of the human ear to high-frequency pure tones with an increase in age and frequency is documented in the literature [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Fausti et al. [8] suggested the use of the best 30 ears of a group of younger subjects as reference thresholds for the high frequencies.
Other investigators [12] [13] [14] have investigated the role of HFA in detecting ototoxicity, and have concluded that HFA could be used as an early indicator.
Noise has become a major problem in industrialized societies, and consequently a concern of the investigators is to improve the sensitivity of the audiometry in order to detect the early effects of exposure to noise. Sataloff et al. [15] concluded that noise affects hearing at high frequencies (10, 12 and 14 kHz) equally as well as at conventional frequencies; also, that high-frequency hearing deteriorates as age increases, and exposure to noise accelerates this deterioration. Corliss et al. [16] investigated the incidence of high-frequency hearing loss, and correlated this with the types of noise exposure among high school students (rifle team members and rock band musicians). They concluded that HFA above 8 kHz could be used for students at risk of acoustic trauma. Northern et al. [6] and Fausti et al. [8] suggested that HFA might be an early indicator of noise damage. Morton and Reynolds [17] reported that the effects of noise and age are additive in the high frequencies, and HFA might well detect noise-induced hearing loss earlier than conventional audiometry. In contrast, Osterhammel [18] found no difference in the high-frequency thresholds between industrial noise-exposed subjects with 4-6 kHz dips and non-exposed subjects, and thus concluded that HFA could not be used as an early indicator for noiseinduced hearing loss. Laukli and Mair [9] , in agreement with Osterhammel [18] , reported well preserved high-frequency hearing in younger subjects exposed to industrial steady-state noise.
However, Fausti et al. [8] reported a case with a history of prolonged exposure to different types of noise who had normal threshold values in the conventional range (0.25-8 kHz), but a remarkable decrease in thresholds at frequencies above 8 kHz. They concluded that HFA can be used as a tool for detecting the early stages of noiseinduced hearing loss.
Objectives
The objectives of the study were: to determine the reliability of HFA; to investigate the effects of age and industrial noise exposure on high-frequency hearing; and to evaluate the use of HFA as an early indicator for noise-induced hearing loss (NIHL) and acoustic trauma.
Subjects and methods
This study was conducted between 1996 and 1999. Two groups of subjects were included. The first consisted of 187 industrial noise-exposed male subjects (368 ears) randomly sampled from two factories (fabrication of Steel PIPES and Air Conditioners). All were exposed to a daily Leq (the continuous steady noise level that would have the same acoustic energy as the actual fluctuating noise levels measured over the same period of time) > 85 dB(A) (decibels in a weighted network), as determined by noise dosimeter but no history of firing guns. Six ears were found to be otoscopically abnormal and were consequently excluded. The second group consisted of 52 nonindustrial noise-exposed males (named non-exposed; 104 ears), randomly selected from the administrative and non-administrative staff of these two factories. This second group of subjects, whose ears were all otoscopically normal, had bilateral hearing thresholds ≤ 25 dBHTL [decibel(s) hearing threshold level] in the conventional range of 0.25-8 kHz and all confirmed no history of firing guns. Each was exposed to a daily Leq < 80 and a mean ± SD of 72 ± 4 dB(A) as determined by a noise dosimeter, and their previous occupational noise exposure levels were estimated to be also <80 dB(A). Both groups reported negative histories for middle-ear disorders, familial hearing-related diseases and use of ototoxic drugs.
For the test-retest reliability, 30 subjects (60 ears), aged 18-38 years, were randomly selected from all the subjects, and were retested at high and conventional frequencies on the same day. As a measure of reliability, the SDs of the differences between the tested and retested hearing thresholds were calculated at each frequency.
To investigate the role of HFA in the early detection of noise-induced hearing loss, 23 workers (46 ears) with hearing thresholds for both ears ≤ 20 dBHTL in the conventional frequency range of 0.25-8 kHz were selected from the noise-exposed group. They were subsequently compared with 23 counterparts(46 ears) from the nonexposed group.
Eight non-exposed subjects (16 ears) with a history of firing guns (exposed to gunshot noise) without ear protection, but with no previous history of occupational noise exposure, were selected and compared with the 52 (104 ears) within the non-exposed group who reported not firing guns. The intention was to investigate the role of HFA in the early detection of acoustic trauma.
Pure-tone hearing thresholds for high frequencies (10, 12, 14, 16 and 18 kHz) were determined for both ears of each subject, using an Interacoustics High Frequency Audiometer Model AS10HF (Interacoustics Co., Assens, Denmark) with electrodynamic high-fidelity Koss HV-1A earphones. The HF coupler CHF-10 used for calibrating this audiometer met the specifications outlined in the IHF standard H202, 'method for measurement of headphones of wide frequency range'. This coupler is also recommended by the manufacturer of the earphones. The audiometer was calibrated in decibel(s) sound pressure level (dBSPL).
For the purpose of comparison, pure-tone air-conduction audiometric tests were conducted to determine the hearing thresholds for conventional frequencies (0.25, 0.5, 1, 2, 4 and 8 kHz) for both ears of each subject, using a Grason-Stadler GSI 16 audiometer with TDH-50P earphones. The audiometer met the ANSIS3.26-1981 standard and was calibrated in dBHTL.
Audiometry was conducted in a sound-treated room after a sufficient time had elapsed since last noise exposure (at least 18 h) to allow recovery from any temporary hearing threshold shifts. If the subject did not respond to the maximum intensity output of the high-frequency audiometer, which is 110 dBSPL, the next highest level was recorded as the hearing threshold for the subject for the purpose of statistical analysis. This level was extrapolated (following a 5 dB step) at 115 dBSPL, and represents a right-censored hearing threshold, in that such a subject would experience a hearing threshold no less than 115 dBSPL.
Statistical analysis
Data were analysed using the Statistical Package for Social Science (SPSS). The normality of the audiometric data was first tested by computing the measures of skewness and kurtosis. Descriptive statistics, means, medians and SDs were calculated to describe central tendencies in each of the groups. Student's t-test for independent samples and the median test were used to evaluate the differences between mean and median of the groups, and between right and left ears in each group, respectively. Two-way analysis of variance was performed to study the simultaneous effects of noise and age on hearing thresholds, and to assess the possibility of interaction between them.
Multiple linear regression analysis with a forward selection procedure was used to determine the most important predictors of hearing threshold for each of the high and conventional frequencies tested. However, for the purposes of comparison, results for the conventional frequencies of 2, 4 and 8 kHz only are presented. The independent variables (predictors) used were noise exposure level [Leq, dB(A)], duration of noise exposure (years), age (years), wearing hearing protection devices (yes = 1, no = 0), use of 'Walkman-type' headphones to listen to music (yes = 1, no = 0) and indulging in any noisy hobby, such as motorcycling, listening to loud music and singing (yes = 1, no = 0). As expected, the two variables duration of noise exposure and age were found to be highly correlated (Pearson correlation coefficient = 0.886). Care must be exercised when attempting to use two highly correlated variables in multiple regression analysis. The noise immission level (NIL), as defined by Burns and Robinson [19] , was calculated for each subject (exposed and non-exposed). The calculation of NIL combines two variables-noise exposure level and duration of noise exposure-for use in the multiple regression analysis. Since no difference in the predictors was determined in either case, the results of the analysis in which NIL was used will be presented and discussed here.
A P-value of <0.05 was taken as the level of statistical significance.
Results
The distribution of the hearing thresholds of all subjects was found to be unimodal but positively skewed. A (natural) logarithmic transformation was applied to help normalize this distribution. Consequently, parametric tests of significance were applied to transformed data. As no statistically significant difference was found (P > 0.05) between right and left ears in both exposed and nonexposed groups (Figure 1 ), the results of both ears are presented and discussed together.
Age effect and reliability
The mean age of the non-exposed subjects was 28.4 (SE = 0.5) years. Table 1 depicts the hearing thresholds of the non-exposed subjects at the high frequencies 10, 12, 14, 16 and 18 kHz by age-decades. For each age-decade, the high-frequency sensitivity decreased (high mean and median) as the frequency increased, and for each frequency it decreased with advancing age. The rate of increment of the mean and the median was found to be high beyond 12 kHz.
The SD associated with the high frequencies was high, ranging from 3.5 to 23 dB (Table 1) , compared with that for the conventional frequencies, which ranged from 2.7 to 5.5 dB (not presented). This indicates that the inter-subject variability in the high frequency range was greater than that in the conventional range. Generally, it was found that the SD increased with the increase in the frequency. The decreasing SD for the 18 kHz frequency is thought to be artificial and caused by the ceiling effects due to censorship by limiting the maximum output of the audiometer (110 dBSPL).
However, lower mean hearing thresholds and low SDs were recorded for the non-exposed subjects with a dBHTL in the conventional range of ≤20 (Table 2) , as well as for the best 20 ears of the non-exposed subjects (Table 3) , which were selected as a reference for the frequencies above 8 kHz, as suggested by Fausti et al. [8] .
At the conventional frequencies, the SDs of difference (as a measure of reliability) varied between 3.3 and 4.8, with a mean of 4.3, while for the high frequencies they ranged between 4.1 and 5.6, with a mean of 4.7. After the exclusion of those ears that did not respond at the 16 and 18 kHz frequencies, the SDs of difference were still small, ranging between 4.6 and 5.6, with a mean of 4.8. This finding indicates that the variation of hearing thresholds at high frequencies (10-18 kHz) was as small as that at conventional frequencies (0.25-8 kHz). It also indicates that intra-subject reproducibility at high frequencies was comparable to that at conventional frequencies, despite the high inter-subject variation. Comparison between right and left ears of total exposed (upper) and non-exposed subjects (lower) at the high frequency range (10-18 kHz). 
Noise effect
The overall mean age of the total exposed subjects (33.0, SE = 0.4 years) was significantly higher (P < 0.0005) than that of the non-exposed subjects (28.4, SE = 0.5 years). The exposed subjects had significantly worse hearing thresholds (high means and high medians) than the non-exposed subjects at all the high frequencies tested (P < 0.0005), as well as at all the conventional frequencies (Table 4) . The difference between the mean hearing threshold of the exposed subjects and that of the non-exposed subjects was greatest at 14 kHz. Beyond this frequency, and in contrast to the conventional frequencies from 1 to 4 kHz, the difference decreased as the high frequency increased, being most dramatic from 14 to 18 kHz.
The effect of age on hearing threshold was controlled through stratification up to the age-decade 40-49 years ( Figure 2 ). Beyond this age-decade, all seven subjects (14 ears) were exposed. Student's t-test showed that, for the second age-decade (20-29 years), the exposed subjects had a significantly higher (worse) mean hearing threshold than the non-exposed subjects, at all the high frequencies tested as well as at the conventional frequencies (P < 0.05). For the third decade (30-39 years), the mean of the exposed subjects was still significantly higher (P < 0.05) than that of the non-exposed subjects at both the high and the conventional frequencies tested, except at the 1 and 10 kHz frequencies (P > 0.05). No comparison was made between the two groups at the age-decades 10-19 and 40-49 years, since the sample size of one of these two groups was inadequate (Figure 2 ). For both exposed and non-exposed subjects, the mean hearing threshold increased with the increase in both frequency and age-decade. However, at the second and third age-decades, the mean hearing thresholds of the exposed and the non-exposed groups began to converge at the high frequencies of 16 and 18 kHz; at the fourth age-decade, the means of the two groups at these frequencies were nearly identical ( Figure 2 ). It is possible to conclude that beyond 14 kHz, the effect of age in the subjects studied dominated the effect of noise, particularly in the older age groups.
A two-way analysis of variance showed no interaction between noise exposure and age at all the high frequencies tested (P > 0.1), implying that the two effects were additive (as shown with the conventional frequencies). The effect of noise was found to be statistically significant (P < 0.05) at all the high frequencies. This finding indicates that at every high frequency tested, the exposed subjects had raised hearing thresholds when compared with the non-exposed subjects (regardless of age). The age effect was also statistically significant (P < 0.0001) at each high frequency tested. This indicates that as the agedecade advanced, the mean hearing threshold increased sympathetically, whether or not the subjects were exposed to noise.
The main results of the stepwise (forward) multiple regression analysis can be seen from Figure 3 , which lists the most important predictors, together with the associated total multiple R 2 and the percentage of the stepwise increase of R 2 . Age and noise exposure (noise immission level, or NIL) were found to be the primary and secondary predictors, respectively, at each of the high frequencies tested. Age alone accounted for 80-87% of the variation of the hearing thresholds, while noise exposure accounted for 7-18%. For the conventional frequencies, multivariate analysis reversed the order of significance. NIL became the primary predictor, accounting for 79-86% of variation of the hearing thresholds, Table 2 . Hearing thresholds in dBSPL of the non-exposed subjects with dBHTL ≤ 20 in the conventional range at high frequencies (10) (11) (12) (13) (14) (15) (16) (17) (18) Table 3 . Mean, SD, median, minimum and maximum hearing thresholds in dBSPL for the best 20 ears (with dBHTL ≤ 15) of the non-exposed subjects at high frequencies (10) (11) (12) (13) (14) (15) (16) (17) (18) Frequency in kHz Mean ± SD (median) Minimum (maximum) 10 25. followed by age, which accounted for 14-18% of the variation. Use of 'Walkman-type' headphones to listen to music was one of the important predictors of hearing thresholds at frequencies from 8 to 16 kHz, and accounted for 3-7% of the variation. The variable 'performing a noisy hobby' was found to be a predictor for the hearing thresholds for the frequencies 14 and 16 kHz, and accounted for 3 and 3.6% of the variation, respectively. All four predictors were positively correlated to the hearing thresholds. The results of the multiple regression analysis showed that the effect of age dominated that of noise at the high frequencies, while the effect of noise dominated that of age at the conventional frequencies.
All 104 ears of the non-exposed subjects responded at frequencies up to 12 kHz. Beyond this frequency, the percentage decreased to 99, 90 and 76% at the 14, 16 and 18 kHz frequencies, respectively. The majority of the ears of the exposed subjects (n = 361, 98%) responded up to 12 kHz, but the percentage decreased to 89, 79 and 47% at the higher frequencies. The difference in the rate of response of the ears of the exposed group compared with the non-exposed subjects was statistically significant at the high frequencies beyond 12 kHz (P < 0.05). After adjusting for the age effect through stratification, both the exposed and non-exposed groups aged below 40 years responded up to a frequency of 12 kHz. Beyond this frequency and age, the percentage of the exposed subjects fell below that of the non-exposed subjects. However, the percentage was only significantly lower at the 18 kHz frequency for the 20-29 years (P = 0.027) and 30-39 years (P = 0.018) age-decades.
High-frequency audiometry as an early indicator for noise-induced hearing loss
The 23 noise-exposed subjects with hearing thresholds of both ears at or below 20 dBHTL in the conventional frequencies range of 0.25-8 kHz had a significantly higher mean hearing threshold than that of their non-exposed counterparts at the high frequencies of 12 (P = 0.016), 14 (P = 0.005), 16 (P = 0.002) and 18 kHz (P = 0.0004), Table 4 . Comparison of the mean and median of hearing thresholds between non-exposed and exposed subjects for the high frequencies in dBSPL and conventional frequencies in dBHTL (Student's t-test was applied to ln-transformed data)
Frequency in kHz
Statistical parameter Non-exposed subjects (n =104 ears) Exposed subjects (n = 368 ears) Difference Figure 2 . Mean hearing thresholds of exposed subjects versus non-exposed subjects in different age groups. but no significant difference was detected at any of the conventional frequencies tested (Table 5 ). After controlling for age effect through stratification, there was no significant difference between the two groups at the conventional and high frequencies for those aged <25 years, except perhaps at the lower frequencies (0.25 and 0.5 kHz). However, the mean hearing thresholds of the exposed subjects in the 25-34 years age group were significantly higher than those of their non-exposed counterparts at all the high frequencies (10 kHz, P = Table 5 . Comparison between the mean of hearing thresholds of exposed subjects with dBHL ≤ 20 in the conventional frequencies, and that of their counterparts in the non-exposed subjects for high frequencies in dBSPL and conventional frequencies in dBHTL by age-decade 0.045; 12 kHz, P = 0.016; 14 kHz, P = 0.003; 16 kHz, P = 0.003; and 18 kHz, P = 0.0004), but there was no significant difference at any of the conventional frequencies tested. In the 35-44 years age group, the exposed subjects had significantly higher mean hearing thresholds at 12 (P = 0.041) and 14 kHz (P = 0.04), but none of the differences at the conventional frequencies tested reached statistical significance. However, the numbers in the samples (eight exposed ears, three non-exposed ears) were too small for meaningful conclusions to be drawn. These results indicate that on a group basis (means), HFA could provide a good indicator for noise-induced hearing loss when compared with the conventional 4 kHz frequency, particularly for subjects aged ≥25 years.
High-frequency audiometry as an early indicator for acoustic trauma
The mean age of the eight non-exposed subjects (16 ears) who reported firing guns (30.5 ± 2.0 years) was not significantly different (P > 0.05) from that of the 52 non-exposed subjects (104 ears) who reported no such exposure (28.4 ± 0.5 years). As shown in Table 6 , the mean hearing threshold of those reporting firing guns was significantly higher than that of those reporting not firing guns at all the high frequencies tested (P < 0.02), but not at any of the conventional frequencies (P > 0.05). Subjects aged <25 years with a history of firing guns (six ears) had a significantly higher mean at the high frequencies of 12, 14, 16 and 18 kHz than those who did not report such an exposure (P < 0.0004). In the conventional frequencies, the difference between the two groups was significant at the low frequencies of 0.25, 0.5 and 1 kHz, but not at 2, 4 and 8 kHz. In the 25-34 years age group, the difference between the exposed and nonexposed subjects was found to be statistically significant at two of the high frequencies, namely 14 (P = 0.001) and 16 kHz (P = 0.002), but not at any of the conventional frequencies. In the 35-44 years age group, the difference between the exposed and non-exposed subjects was not statistically significant at both conventional and high frequencies. Although the sample size of those who reported firing guns without ear protection was relatively small (16 ears), the results might be taken as an indicator that HFA is a useful tool in the early detection of acoustic trauma rather than audiometry at the conventional frequency of 4 kHz, particularly in early age.
Illustrative cases
The audiograms of 54 subjects (108 ears) with bilateral normal hearing thresholds (≤20 dBHTL) in the conventional frequencies (0.25-8 kHz) were evaluated for hearing impairment at the high frequencies (10-18 kHz). Of these, 46 had no previous history of exposure to gunshot noise, and half of these 46 were exposed. The remaining eight subjects were non-exposed and had a positive (previous) history of exposure to gunshot noise. The objective was to reconfirm the previous research findings that HFA at 10-18 kHz could prove a useful tool in the early detection of noise-induced hearing loss and acoustic trauma.
Since there is no international audiometric zero or normal hearing thresholds for the high frequencies from 10 to 18 kHz, the maximum dBSPL recorded at each high frequency for the best 20 ears of the non-exposed subjects was taken as the normal dBSPL for that frequency ( Table 3 ). Hearing at high frequencies was considered to be impaired if the dBSPL in each high frequency from 10 to 18 kHz exceeded its normal dBSPL. According to this criterion, 7 of 46 ears of the exposed subjects (15%) and 5 of 16 ears of the non-exposed (31%) subjects who had had previous exposure to gunshot noise without protection were found to be impaired, compared with only 2 of 46 ears of the non-exposed subjects (4.4%) who did not fire guns.
All of these 14 ears (11 subjects) out of the 108 ears (54 subjects) (13% of the ears and 20% of the subjects) could be classified as normal using conventional audiometry alone. These illustrative cases reconfirm the previous findings that HFA from 10 to 18 kHz may be a useful tool in early detection of noise-induced hearing loss and acoustic trauma.
As an example, Figure 4 shows the audiograms of five ears (three subjects) of those 14 ears (11 subjects) found to be impaired at the high frequencies according to the criterion used here, but with normal hearing in the conventional range.
Discussion
It is somewhat difficult to compare the HFA results in the 10-18 kHz range in this study with those of previously published papers. There are differences between studies in one or more parameters, such as age and sex of subjects, and the instrumentation used for diagnosis. However, the findings of this and other studies demonstrate the general and characteristic trends of threshold sensitivity at high frequencies.
Age effect and reliability
The mean and median hearing thresholds at high frequencies reported in this study for non-exposed subjects aged < 30 years and with dBHTL up to 20 in the conventional frequencies are lower than those reported by Lopponen et al. [11] , who used the same type of audiometer. Both studies reported 16 kHz as an upper limit for the same subjects. For the other age-decades, the two studies are not comparable due to the difference in the age of the participants. The median hearing thresholds reported by this study for the non-exposed subjects in the 20-29 and 30-39 years age-decades and with dBHTL up to 20 in the conventional frequency range are in closer agreement with those reported by Rosen et al. [2] for urban populations of the same age groups. Both studies agree that the median hearing threshold at high frequencies increases with the increase in frequency for each age-decade. The finding that the increase of hearing Table 6 . Comparison between the mean of hearing thresholds of the non-exposed subjects who reported firing guns without ear protection and that of the non-exposed subjects with no such history for high frequencies in dBSPL and conventional frequencies in dBHTL threshold is frequency-and age-dependent endorses the findings of previous reports [6, 10, 11, 17] . Regarding the response of the ears to high frequencies, the results of this study show that nearly all ears (99%) of the non-exposed subjects aged below 40 years were responsive up to 14 kHz, and this percentage decreased to 91 and 76% at 16 and 18 kHz, respectively. For the same age group, the rural population of Rosen et al. [2] responded at frequencies up to 14 kHz, but at 16 and 18 kHz the percentage decreased to 98 and 71%, respectively. Sataloff et al. [15] reported a 98 and 95% response at 12 and 14 kHz, respectively, for subjects aged <40 years. Northern et al. [6] reported that 90% of their study subjects aged <40 years were able to respond at frequencies up to 14 kHz, 80% could respond up to 16 kHz, but none could respond at 18 kHz.
The trend evident from current and previous studies [2, 6, 15] is that, for each age-decade, as the frequency increases, the percentage of ears that are able to respond decreases.
In accordance with this study, previous studies [6, 10, 17] have reported a similar high SD, ranging from 10 to 20.7 dB, for the high frequencies of 10-18 kHz, and a lower SD, ranging from 2.4 to 14.5 dB, for the conventional frequencies of 0.25-8 kHz. Owing to this high inter-subject variation (high SDs), Laukli and Mair [9] reached the conclusion that standard reference level values for 0 dBHTL for frequencies > 8 kHz would be of no meaning in a clinical context. Consequently, they selected a small number of students aged 20-24 years as a reference group. On the other hand, Fausti et al. [8] undertook a high-frequency hearing threshold survey of 100 young adults. They found the hearing sensitivity at >12 kHz to be highly variable for unknown reasons, and concluded that reference for high frequencies should be based on best rather than average high-frequency sensi- tivity in young adults. On this basis, they selected the best 30 ears from a total of 100 young adults for their reference group.
Following the suggestion of Fausti et al. [8] , the best 20 ears were selected in this study from a total of 104 ears to provide a reference group for the study. The hearing thresholds in the conventional frequencies of the best 20 ears of this study were higher than those of the best ears selected by others [8, 9, 17] . Despite these differences, mean thresholds reported in the current study for the best 20 ears were closer to those reported by Laukli and Mair [9] , but higher than those reported by others [8, 17] for the best 30 ears. However, the small range of SDs reported in this study for the best 20 ears is closer to that reported by Fausti et al. [8] and Morton and Reynolds [17] , but lower than that reported by Laukli and Mair [9] for the best 30 ears.
The small range of SDs of the difference between test and retest hearing thresholds, as a measure of reliability, at the high frequencies range found in this study is comparable to that reported by previous researchers [7] [8] [9] 20] . The results of test-retest reliability measures of this and previous studies [7] [8] [9] 20] indicate that reproducibility or repeatability of hearing thresholds at the high frequencies from 10 to 18 kHz is accurate and comparable to that at the conventional frequencies in the 0.25-8 kHz range. It follows that HFA at 10-18 kHz might prove a reliable tool in monitoring hearing thresholds.
Noise effect
The persistently high mean and median hearing thresholds at 0.25 and 0.5 kHz frequencies, compared with those at either 1 or 2 kHz, in exposed and nonexposed subjects, is probably due to the effect of masking (the process by which the threshold of hearing of one sound is raised due to the presence of another). The mean and median hearing thresholds of the exposed subjects in the present study are significantly higher than those of the non-exposed subjects at all high frequencies tested from 10 to 18 kHz. This finding is in agreement with the work of Sataloff et al. [15] , who reported a significant difference between the mean hearing thresholds of noiseexposed male subjects and that of non-exposed males at 10, 12 and 14 kHz. The present study and those of Fausti et al. [8, 21, 22] found a dramatic hearing threshold change at frequencies > 12 kHz in subjects exposed to steady-state noise.
The finding in the present study that the upper frequency limit of hearing of noise-exposed subjects is lower than that of non-exposed subjects, and decreases with advancing age, confirms the results of previously published reports [15, 23] .
Consequently, the present study and previous research [15, 17, 18] are in broad agreement that the effects of age and noise are additive in the high frequencies (as witnessed at the conventional frequencies), and that the effect of age dominates that of noise (particularly in the older age groups). In contrast, Osterhammel [18] found no significant difference between high-frequency hearing thresholds of noise-exposed subjects with a 4-6 kHz dip and those of non-exposed subjects. Further contradictory evidence is reported by Laukli and Mair [9] , who found preserved high-frequency hearing in younger subjects exposed to industrial steady-state noise. Furthermore, Dieroff [24] reported hearing in the frequency range 11-12 kHz to be relatively unaffected in weaving mill workers with pronounced hearing loss exclusively in the frequencies from 4 to 6 kHz. Noise exposure has been shown in the present study to be of secondary importance as a predictor for hearing thresholds at the high frequencies tested. This undermines the hypothesis that the majority of high-frequency hearing loss experienced by noise-exposed subjects is probably due to unknown environmental reasons other than exposure to noise per se. Nevertheless, to the best knowledge of the investigators, no previous study has performed a multivariate analysis in order to investigate the effect of industrial noise on high-frequency hearing in the presence of other confounding factors, such as travelling by motorcycle and continued use of headphones. This makes direct comparison impossible. The selection of such variables as the use of 'Walkman-type' headphones among the important predictors for hearing thresholds at the high frequencies from 8 to 16 kHz (but not at conventional frequencies) needs further investigation. It is wholly feasible that subjects with (already noise-induced) poor hearing at high frequencies are more hypersensitive towards noise, whether it is occupational or not.
The finding that HFA could be used to predict hearing loss in the conventional frequencies in early ages is confirmed by other researchers [8, 17, 21, 22, 25] . Furthermore, the cases presented here with normal hearing (<20 dBHTL) in the conventional frequencies range, in spite of a history of prolonged exposure to noise but showing a progressive decrease in the threshold sensitivity at frequencies > 8 kHz, are similar to those presented by Fausti et al. [8, 21, 22] . However, the clinical evidence is not unequivocal and provides counter-evidence. Osterhammel [18] reported two cases with severe 4-6 kHz dips: one with preserved high-frequency hearing and the other with no hearing at all at high frequencies. It was therefore concluded that people with abnormal highfrequency hearing are possibly hypersensitive towards excessive noise. Hence, it is conceded that HFA might be used in the routine audiological evaluation of workers before they are exposed to noise, but it is advocated that it cannot be used as an early indicator for NIHL.
In accordance with the findings of previous studies, HFA proved to be a better tool for the early detection of acoustic trauma than the conventional frequency of 4 kHz. Corliss et al. [16] reported that five students, who were engaged in either rifle shooting or hunting, had severe hearing loss at the high frequencies, but normal hearing for the frequencies from 1 to 4 kHz. In addition, Dieroff [24] reported total loss of sensitivity in the high frequency range in acute acoustic trauma cases (exposure to shots) with preserved hearing in the conventional range. Furthermore, Laukli and Mair [9] presented an audiogram of a 19-year-old man, who was exposed to gunfire, with normal hearing in the conventional range, but hearing loss in the high frequency range. The finding that HFA might be used as an early indicator of NIHL assumes that the effect above 8 kHz occurs earlier in the exposed than in the non-exposed subjects. This is probably due to a particular susceptibility of the ear at the high frequencies to damage by noise and other ototoxic agents. Subsequently, the amount of hearing loss in the 4-6 kHz range overtakes that above 8 kHz. However, further research is needed to confirm this assumption.
Conclusion
The current study has shown that HFA is a reliable technique and can be used routinely as an indicator of hearing loss, as is conventional frequency audiometry. In addition, the intra-subject variability in high-frequency audiometric results is low compared with inter-subject variability, suggesting that HFA might even be a more reliable means to monitor hearing loss of individual cases over time.
Results from non-exposed and exposed subjects show that both hearing thresholds at high frequencies (from 10 to 18 kHz) and the upper frequency limit deteriorate with advancing age and raised frequency. The effects of noise and age are found to be additive at the high frequencies tested, just as they are at the conventional frequencies. However, in the high frequency range (10-18 kHz), the effect of age is more influential than that of noise, whereas this dominance is reversed for the conventional frequency range (0.25-8 kHz).
On both a group basis (means) and an individual basis (cases), results from this study strongly suggest that HFA (at 10-18 kHz) might be used as an early indicator for noise-induced hearing loss and acoustic trauma, and can be performed more reliably than the conventional 4 kHz frequency technique, particularly during the early stages. Further investigation is required to clarify precisely what happens to the structures within the ear, at both conventional and high frequencies, as a result of continual and chronic noise exposure.
